Cyclophilin A (CypA) is the most abundant member of a ubiquitous family of peptidyl-prolyl isomerases and binds to the capsid (CA) domain of human immunodeficiency virus type 1 (HIV-1) and SIVcpz Gag proteins (26) . Consequently, it is quite efficiently packaged into HIV-1 and SIVcpz virions, with about 1 molecule of CypA incorporated per 10 Gag molecules (15, 38) . The CypA-Gag interaction can be blocked by an immunosuppressive drug, cyclosporine A (CsA), and its analogues (7, 14, 26) , and this manipulation inhibits the replication of most HIV-1 strains in most cells in vitro (5, 7, 10, 14, 15, 21, 33, 38, 41, 42) . In addition, mutation of residues G89 or P90 of HIV-1 CA, which constitute the core of the CypA binding site (16, 46) , both disrupt CypA binding and confer a substantial replication defect in human cells (2, 9, 12, 15) , consistent with the notion that the CypA-CA interaction is important for HIV-1 replication.
These observations led to the proposal of a number of models incorporating attachment, entry, or postentry steps of the viral life cycle to explain why HIV-1 replication is uniquely dependent on it ability to incorporate CypA into virions (31, 34, 35) . The most reasonable and popular suggestion was that, by virtue of its direct interaction with CA or its peptidyl-prolyl isomerase activity, CypA affected capsid uncoating or some other step in the subsequent and poorly characterized postentry phases of the HIV-1 life cycle (17, 23, 25, 43) .
A recently proposed model to explain why HIV-1 CA uniquely binds to CypA invokes a requirement for CypA expressed by the target cell, rather than virion-encapsidated CypA, and is based on the fact that the CypA binding site is coincident with a critical determinant for recognition by CAspecific endogenous restriction factors (24, 40) . These inhibitors, originally termed Lv1 and Ref1 and now known to be encoded by the ␣-spliced variant of the TRIM5 gene (20, 22, 30, 37, 44) , target the capsid of widely divergent incoming retroviruses (6, 13, 18, 28, 39, 40) . Mutations in the CypA binding site of HIV-1 CA or treatment of target cells with CsA allows HIV-1 capsids to saturate TRIM5␣/Ref1, presumably by binding to it (19, 40) . Thus, acquisition of CypA by incoming HIV-1 capsids may be a defense against restriction factors in human cells. In support of this notion, treatment of certain human target cells with CsA modestly inhibits (two-to fivefold) infection in single-cycle HIV-1 infectivity assays (24, 40) . Remarkably, however, the CypA binding property of HIV-1 CA dramatically inhibits infection of cells of owl monkey origin (40) , and infection by HIV-1 is strongly dependent on the pharmacological or genetic inhibition of CypA binding activity. Recently this was shown to be due to the presence of a novel restriction factor, TRIM-CyP, generated in owl monkeys as a consequence of transposition of a CypA pseudogene into the TRIM5 locus (36) . These studies showed that functionally relevant cyclophilin-CA interactions can, in principle, occur in target cells rather than virus-producing cells or virions.
Other studies have shown that replication of HIV-1 in human cells in the presence of CsA selects for two mutations in CA, A92E and G94D, that obviate the requirement for CypA, i.e., they confer on HIV-1 the ability to replicate in the presence of CsA (1) . While these mutations do not themselves appear to affect CypA-CA binding (8) , they do reverse the infectivity defect observed in CypA binding site mutant HIV-1 capsids (8, 45) . Remarkably, when present in isolation, A92E and G94D render HIV-1 replication dependent on CsA or CypA binding site mutations in some human cell lines, such as HeLa-CD4 and H9 (1, 45) . In other cell lines, such as Jurkat, the mutations confer CsA resistance but not dependence (8, 45) .
In this study we show that manipulations which prevent the CypA-CA interaction during HIV-1 assembly or production generally have little or no effect on HIV-1 infectivity. Moreover, CA mutations A92E and G94D, which confer CsA resistance or dependence, do not manifest their effects during virus production but do affect the progression of early phases of the HIV-1 life cycle and do so in a target cell type-dependent manner. Thus, cyclophilin-CA interactions that occur in human target cells, rather than during virus production, are major determinants of CsA and cyclophilin effects on HIV-1 replication. Moreover, the phenotype of HIV-1 mutants that require CsA for infection of human cells is reminiscent of that of wild-type HIV-1 in owl monkey cells (40) . These facts, and the finding that the A92E mutation reverses the ability of CypA binding site mutant HIV-1 CA to saturate Ref1/TRIM5␣ in human TE671 cells (19) , are consistent with the notion that sequences in and around the CypA binding site influence recognition by species-specific restriction factors (19, 29) . Nevertheless, human and rhesus monkey versions of TRIM5␣ do not discriminate between wild-type and CsA-resistant or -dependent HIV-1.
MATERIALS AND METHODS
Virus and vector constructs. CA mutations (A92E and G94D) were introduced into an HIV-1 NL4-3-based clone by using PCR-based methods as previously described (47) . Each mutant Gag was transferred to the previously described HIV-1/GFP construct (13) as a BssHII-SalI fragment, and the presence of the CA mutation in the final HIV-1/GFP construct was verified by DNA sequencing. For most experiments, an env Ϫ HIV-1/GFP construct was used; however, for some experiments (see Fig. 1 and 4, below) otherwise identical constructs containing full-length env from HXB3 were used. To generate HIV-1 Gag-Pol expression plasmids, wild-type or mutant Gag-Pol-encoding sequences were amplified by PCR using primers that incorporated 5Ј EcoRI and 3Ј NotI sites and were inserted into the previously described expression vector, pCRV1 (18) .
Cell lines and viruses. Adherent human (TE671, HOS, HeLa, and 293T) and murine (MDTF) cells were maintained in Dulbecco's modified Eagle's medium supplemented with fetal calf serum and antibiotics. Human T-cell lines (wild type and CypA Ϫ/Ϫ Jurkat [11] , H9, and CEMx174 cells) were maintained in RPMI supplemented with fetal calf serum and antibiotics. Wild-type or mutant GFPreporter virus stocks were made by cotransfecting 293T cells with a proviral plasmid and a vesicular stomatitis virus G protein (VSV-G) expression plasmid as previously described (13, 18) . HIV-1 vector stocks for infection of MDTF cells (which lack a cyclinT1 that can support HIV-1 Tat function) were made in the same way except that HIV-1 Gag-Pol expression plasmids and an HIV-1-based vector (CSGW) encoding a green fluorescent protein (GFP) reporter driven by a spleen necrosis virus promoter (4) were used in place of the proviral plasmid. All reporter virus stocks were quantified using a colorimetric reverse transcription assay (Cavidi Tech). N-tropic murine leukemia virus (N-MLV) reporter virus stocks were generated by cotransfecting 293T cells with an N-MLV Gag Pol, a GFP-expressing MLV retroviral vector, and a VSV-G expression plasmid, as previously described (18, 39) . N-MLV stocks were quantified by infectivity titration on Fv1-null MDTF cells.
Infection assays. Adherent target cells were seeded at 2 ϫ 10 4 cells/well in 24-well trays the day before infection. T-cell targets were seeded at 4 ϫ 10 4 /well in 48-well trays the day of infection. Cells were inoculated with fivefold-serially diluted GFP reporter virus stocks in the presence of 5 g of Polybrene/ml. In some experiments, CsA was included in the medium at 5 M at the time of infection. Virus and CsA were replaced with fresh medium 24 h after infection, and infected cells were enumerated 48 h postinfection using a FACSCalibur instrument and CellQuest software (Becton-Dickinson).
Generation of viruses in the presence and absence of CsA or CypA and measurements of their infectivity. To generate matched CypA-containing and CypA-free virus stocks, bearing a "natural" HIV-1 envelope, the procedure outlined in Fig. 1A was followed. An HIV-1/HXB/GFP stock pseudotyped with VSV-G was first generated by transfection of 293T cells. This stock was then used to infect CypA ϩ/ϩ and CypA Ϫ/Ϫ Jurkat cells at high multiplicity, such that all, or nearly all, cells became synchronously infected (as monitored by GFP expression). The cells were then washed thoroughly (four times) 24 h after infection. Forty-eight hours postinfection, virus produced by these cells was harvested, normalized for reverse transcriptase activity, and used to infect fresh CypA ϩ/ϩ and CypA Ϫ/Ϫ Jurkat cells, as described above. A similar strategy was used to generate virus stocks bearing an HIV-1 envelope in HeLa and H9 cells. In this case, each cell line was infected with VSV-Gpseudotyped wild-type or G94D mutant HIV-1/HXB/GFP stock and split into two, 24 h later. One replicate was cultured in the presence of 5 M CsA, and the other was cultured with carrier alone. After a further 24 h, virus stocks were harvested from each culture and normalized for reverse transcriptase activity. To measure infectivity of virus stock produced in the presence and absence of CsA, foci of GFP-positive cells were counted microscopically at limiting dilution (20 to 100 foci per well) 48 h after infection of TE671-CD4 cells. This was done to dilute CsA (Ͼ100-fold) and therefore remove its influence on target cells during infection.
TRIM5␣-expressing cells. TRIM5␣ was amplified by PCR from TE671, HOS, Jurkat HeLa, and H9 cells using primers directed to the 5Ј and 3Ј ends of the coding sequences and incorporating XhoI and SalI restriction sites. The PCR products were digested with XhoI and SalI and inserted into retroviral expression vector LNCX2 (Clontech) and pCR3.1/HA (27) . To generate TRIM5␣-expressing murine MDTF cells, 293T cells were transfected with LNCX2-based retroviral vectors containing a TRIM5␣ variant along with MLV Gag-Pol and VSV-G expression plasmids. Vector stocks produced by these cells were used to transduce MDTF cells. The transduced cells were selected in 1 mg of G418/ml for 7 to 10 days and then used as a pool of target cells. These cells were seeded in 24-well plates at 2 ϫ 10 4 cells per well and inoculated with wild-type and G94D mutant HIV-1 and N-MLV vector stocks in the presence of 5 g of Polybrene/ml. Each virus dose was selected so as to infect 20 to 50% of unmodified cells, and GFP-positive cells were enumerated as described above.
RNA interference. Synthetic small interfering RNA (siRNA) oligonucleotide duplexes were targeted to sequences within human TRIM5 (GCUCAGGGAG GUCAAGUUG ). HeLa cells were mock transfected or transfected with 60 pmol of the TRIM5␣-specific RNA duplex by using Lipofectamine 2000 and were replated 24 h later. Forty-eight hours after transfection, cells were inoculated with GFP-expressing HIV-1-or N-MLV-based vectors. The vector dose was selected to give a low but measurable number of GFP-positive cells (Ͻ10% positive), such that any enhancement could be readily measured. Infected cells were enumerated as described above. To confirm that the siRNA duplexes could silence TRIM5␣ expression, they were cotransfected with plasmids expressing HA-TRIM5␣ and GFP in HeLa cells. The abundance of these proteins was assessed by Western blotting 48 h later and showed that HA-TRIM5␣ expression was specifically reduced by Ͼ90% (data not shown).
Western blot analysis. Human cells were washed three times with phosphatebuffered saline, counted, and lysed. Protein concentration was determined using the Bradford assay. Extracts were normalized for cell numbers or protein concentrations, and aliquots were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred to nitrocellulose membranes. The blots were probed with an anti-human CypA antibody (Affinity Bioreagents) and a peroxidase-conjugated secondary antibody and were developed with chemiluminescence detection reagents (Pierce). Blots were exposed to film for a minimal amount of time to avoid saturation, and signal intensities were quantitated using NIH Image.
RESULTS
CypA is not required for the production of fully infectious HIV-1 particles, but it does enhance infection when present in target cells. Previously, several groups reported that depletion of CypA from virions, by CsA treatment of virus-producing cells, caused those virions to be less infectious (3, 5, 7, 14, 15, 33, 38) . In addition, HIV-1 replicated poorly in a Jurkat-derived cell line where both alleles of the CypA gene had been inactivated (11) . HIV-1 particles harvested during a spreading infection of CypA-null cells were also reported to be intrinsically less infectious (11) .
Our previous findings implicated target cell CypA rather than virus-producing cell CypA as playing the major role in virus replication (40) . However, those studies were done using VSV-G-pseudotyped HIV-1, which others have previously shown to be resistant to the effects of CsA when it is present during virus production (3). We reexamined this question by a somewhat different approach, shown schematically in Fig. 1A . HIV-1 stocks bearing a natural gp120 envelope from the HXB3 strain were generated by synchronously infecting normal or CypA-null Jurkat cells with a replication-competent, VSV-G-pseudotyped HIV-1/HXB/GFP reporter virus at high multiplicity and harvesting virus 48 h after inoculation. Thus, these virus stocks should be identical to each other except that virions derived from CypA-null Jurkat cells would lack CypA. These virus stocks were normalized for reverse transcriptase activity, and infectivity was measured by using normal and CypA-null Jurkat cells as target cells. As can be seen in Fig. 1B , the infectivity of HIV-1/HXB/GFP derived from CypA-null Jurkat cells was identical to that derived from normal Jurkat cells. However, when used as target cells in a single-cycle infection assay, normal Jurkat cells were approximately threeto fivefold more sensitive to infection by HIV-1/HXB/GFP than were CypA-null Jurkat cells (Fig. 1B) . This was not due to differences in receptor expression levels; VSV-G-pseudotyped HIV-1/GFP derived from 293T cells exhibited approximately the same three-to fivefold reduction in infectivity in CypA-null Jurkat cells as in normal Jurkat cells (Fig. 1C) , although VSV-G-pseudotyped HIV-1/GFP was much more infectious on both cell lines than was HIV-1/HXB/GFP. Moreover, we have previously shown that VSV-pseudotyped SIV mac and HIV-1 bearing an inactivating mutation in the CypA binding site exhibit the same infectivity in normal compared to CypA-null Jurkat cells (40) , unlike wild-type HIV-1. We concluded from these studies that CypA is not required in virus-producing cells for the assembly of fully infectious HIV-1 particles. Rather, the presence of CypA in Jurkat target cells enhances HIV-1 infection, regardless of whether HIV-1 entry is mediated by VSV-G or HIV-1 envelope proteins. Target cell-dependent effects of CsA and mutations conferring CsA resistance or dependence. The ability of CsA to inhibit HIV-1 replication in cell culture and the deleterious effect of CypA binding site mutations on HIV-1 infectivity were thought to be due to the fact that both manipulations prevent the incorporation of CypA into virions. However, recent findings suggested that CsA can modestly inhibit infection of human cells when applied during infection rather than during production (24, 40) . This implies that CypA recognition of the incoming viral capsid is important for HIV-1 infectivity and that the CypA that is carried by particles is less important. However, if CsA inhibits HIV-1 infection by preventing recognition of incoming HIV-1 particles by the CypA that is present in the target cells, then any inhibitory effect of CsA on HIV-1 infection should be dependent on the presence of CypA in target cells, even if virions are derived from a cell that contains CypA.
To test this notion, we infected normal and CypA-null Jurkat cells with VSV-G-pseudotyped HIV-1/GFP produced by 293T cells (and therefore containing CypA) in the presence and absence of CsA. As can be seen in Fig. 2A , CsA inhibited infection of normal Jurkat cells by four-to fivefold. In contrast, infection of CypA-null Jurkat cells was less efficient than that of normal Jurkat cells and was not further reduced by CsA ( Fig. 2A) . This observation indicates that the CypA which constitutes the target for inhibition of HIV-1 infection by CsA is provided by the target cell and not by the incoming virion particle.
A further prediction of the notion that CypA affects HIV-1 infection by recognition of incoming HIV-1 capsids is that the effects of mutations that induce CsA resistance and dependence should be manifested in these single-cycle infection assays (where target cells and not virus-producing cells are treated with CsA). As can be seen in Fig. 2 and 3 , this indeed proved to be the case. Specifically, the inhibitory effect of CsA on single-cycle HIV-1/GFP infection of normal Jurkat cells was partly relieved by the A92E and G94D mutations, which have previously been shown to confer CsA resistance in a spreading infection assay (Fig. 2A) . As expected, these mutations only affected infectivity in Jurkat cells that expressed CypA and did not affect the lack of response of HIV-1/GFP to CsA when CypA-null Jurkat cells were used as targets ( Fig. 2A, lower  panels) .
The same two mutations have previously been shown to confer CsA dependence during spreading HIV-1 infection in another human T-cell line, namely, H9 (45) . In fact, as is shown in Fig. 2B , single-cycle infection of H9 cells by HIV-1/GFP bearing A92E or G94D mutations was markedly enhanced (10-to 20-fold) when target H9 cells were treated with CsA. Consistent with previous data obtained in spreading infection assays (45), single-cycle wild-type HIV-1 infection of H9 cells was unaffected by CsA. Clearly, therefore, human cell lines differ in terms of the effect that CsA has on incoming HIV-1 infection. It is noteworthy that infection of H9 cells by wild-type virus is noticeably less efficient than that of either CsA-dependent mutant in the presence of CsA, implying that wild-type infection of H9 cells is intrinsically suboptimal. Also of note is that the enhancing effect of CsA on infection by A92E and G94D mutant HIV-1 is reminiscent of the effect that CsA has on wild-type HIV-1 infection of owl monkey cells (40) , where infection is restricted by TRIM-Cyp (36) .
Similar single-cycle infection experiments were done in a number of adherent human cells. In HOS cells, CsA inhibited wild-type HIV-1/GFP infection by four-to fivefold, and this effect was completely eliminated by the A92E and G94D mutations. Conversely, in HeLa cells CsA did not inhibit wild-type HIV-1 infection and the A92E and G94D mutations induced marked CsA dependence, with CsA enhancing infection by 20-to 25-fold. As was the case in H9 cells, wild-type virus infection of HeLa cells was less efficient than that of the CsA-dependent mutants in the presence of CsA. TE671 cells exhibited a phe- Overall, inhibition of cyclophilin-CA interactions had both positive and negative effects on HIV-1 infection, and the distinct effects of CA mutations appeared independent of the tissue of origin of the cell line. Importantly, because only the early steps of the viral life cycle were measured in these assays, these effects must be due to cyclophilin-CA interactions involving the incoming viral capsid. Moreover, the effects of these interactions on the incoming capsid are dependent on the sequence of CA proximal to the CypA binding site and the particular target cell context. CsA dependence is not a consequence of CypA-CA interactions in HIV-1-producing cells. The finding that single-cycle infection of H9 and HeLa cells by HIV-1 bearing A92E or G94D mutations is dramatically enhanced by CsA is reminiscent of previous reports that documented CsA dependence for spreading infection of these two cell lines by these HIV-1 mutants (1, 45). It was not previously documented, however, whether the effects of mutations conferring CsA dependence were manifested as a consequence of cyclophilin-Gag interactions in the virus-producing cell or in the target cell. The data in Fig. 2 and 3 strongly suggested that CypA inhibits replication of these mutants as a consequence of its recognition of incoming viral capsids. However, it was possible that additional inhibitory effects of cyclophilin-CA interactions on CsA-dependent mutant HIV-1 might occur in virus-producing cells, particularly since previous studies have strongly implicated the CypA-CA interaction that occurs during virus production as the functional target of CsA for inhibition of HIV-1 replication.
Therefore, we next determined whether CsA treatment of HeLa or H9 cells producing wild-type or G94D mutant HIV-1 particles affected HIV-1 infectivity. Because CsA only affects HIV-1 infectivity during production when the natural HIV-1 envelope is used, we used an experimental strategy similar to that described in Fig. 1A . However, in this case we infected HeLa and H9 cells with high-titer VSV-G-pseudotyped HIV-1/HXB/GFP and treated half of the cells with CsA during subsequent virus production. We reasoned that if the G94D mutation conferred a CsA-dependent phenotype during the virus production phase, then we would expect that CsA treatment should enhance infectivity or the yield of particles bearing this mutation from HeLa and H9 cells. However, this proved not to be the case. As can be seen in Fig. 4 , CsA modestly inhibited the infectivity of wild-type HIV-1 particles derived from HeLa cells, but not from H9 cells. More importantly, the G94D mutation did not induce CsA-dependent enhancement of HIV-1 infectivity (Fig. 4) or yield (data not  shown) . Thus, the CsA-dependent HIV-1 replication phenotype induced by the G94D CA mutation is governed entirely by the cyclophilin-CA interactions that occur in the target cell and not in virus-producing cells.
CsA resistance versus dependence and relationship to CypA expression levels. The apparently distinct effects of CypA on HIV-1 infection of different cells could be due to variation in CypA expression level or to other host factors that affect HIV-1 infection and whose activity is modified by CA mutations and the cyclophilin-CA interaction. Previously it was suggested that the differential effects of mutations within and proximal to the CypA binding site on HIV-1 replication in different cell types might be due to variations in CypA expression levels (2, 45) . Therefore, we analyzed CypA expression levels in the cell lines used in this study by Western blotting. As can be seen in Fig. 5A , there was variation in the level of CypA in the various cell lines that was particularly evident when the CypA content of equal numbers of cells were analyzed. This variation in CypA expression did not correlate with the occurrence of the CypA-resistant versus CypA-dependent phenotype when the corresponding cell lines were infected with A92E or G94D mutant HIV-1. In fact, each of the adherent cell lines expressed higher levels of CypA than did each of the two T-cell lines, on a per-cell basis, with HeLa cells expressing the highest level, Jurkat the lowest level, and HOS, TE671, and H9 cells expressing intermediate levels. When equal amounts of total protein from each cell line rather than equal numbers of cells were analyzed, the degree of variation in CypA levels was significantly reduced. However, in this case the two cell lines, HeLa and H9, that exhibited the strong CsA-dependent A92E and G94D mutant HIV-1 infection phenotype expressed almost twofold-higher levels of CypA than did HOS, TE671, and Jurkat cells. Thus, there is a correlation between the CsAdependent phenotype and CypA expression levels but, given the very modest difference, its significance is unclear.
TRIM5␣ is not responsible for restriction of HIV-1 bearing CsA-resistant or -dependent mutations in human cells. Another possibility that could potentially explain why A92E and G94D mutations have different effects in different human cell lines might be polymorphisms in host restriction factors that recognize the incoming HIV-1 capsids. Such factors are known to inhibit HIV-1 infection of nonhuman primate species, and recognition can be markedly affected by mutations in and around the CypA binding site (19, 24, 29, 40) . Moreover, in one particular species, namely owl monkeys, wild-type HIV-1 infection is highly CsA dependent (40) due to the presence of a variant form of TRIM5 containing a cyclophilin domain (36) . Thus, the phenotype of wild-type HIV-1 in owl monkey cells is similar to that of A92E and G94D mutant HIV-1 in H9 and HeLa cells. We were unable to detect the expression of a similar TRIM5-CypA fusion protein in human cells (data not shown); it was possible therefore that the CsA-dependent phenotype exhibited by H9 and HeLa cells might be due to the presence of a variant form of human TRIM5␣ that can restrict A92E and G94D mutant, but not wild-type, HIV-1 in a cyclophilin-dependent manner.
We therefore cloned and sequenced several alleles of TRIM5␣ from HeLa, HOS, H9, and TE671 cells. Among these TRIM5␣ clones, we found one single amino acid polymorphism in TRIM5␣ from HeLa cells (R136Q). However, this polymorphism was not detected in H9 cells, whose TRIM5␣ clones were identical in sequence to those from HOS and TE671 cells and to the database consensus sequence. Nevertheless, we generated murine MDTF cell lines expressing the different TRIM5␣ variants from HOS cells and HeLa cells and asked whether either variant could inhibit the infectivity of HIV-1 bearing the G94D CA mutation. As a control, we also generated a cell line expressing a TRIM5␣ from the rhesus monkey cell line FRhK4. In addition, we infected each cell line with an N-tropic MLV vector, because human and nonhuman primate TRIM5␣ is able to restrict N-MLV infection (20, 22, 30, 44) . As can be seen in Fig. 5B , MDTF cells expressing either form of human TRIM5␣ were as susceptible to infection by wild-type and G94D mutant HIV-1 vectors as were control MDTF cells lacking TRIM5␣. Human TRIM5␣ was functionally expressed in these cells, because N-MLV vector infection was inhibited by about 20-fold. Moreover, MDTF cells can restrict HIV-1 vector infection when an active TRIM5␣ allele of the appropriate specificity is expressed, because both wildtype and G94D HIV-1 infection was decreased by 20-to 30-fold in MDTF cells expressing rhesus monkey TRIM5␣.
In addition, we also tested whether TRIM5␣ depletion from HeLa cells could enhance G94D mutant HIV-1 infection. As can be seen in Fig. 5C , TRIM5␣ was effectively depleted from a sufficient number of HeLa cells to induce a 16-fold increase in N-MLV infection. However, infection by both wild-type and G94D mutant HIV-1 was unaffected. We conclude from these experiments that TRIM5␣ is unlikely to be responsible for the CypA-dependent restriction of the G94D mutant HIV-1 in HeLa or H9 cells.
DISCUSSION
In this study, we show that the CypA that is present in the human target cells, rather than that present in virus-producing cells or the virion particle, is largely responsible for effects on HIV-1 replication. In particular, virions derived from Jurkat cells that are deficient in CypA are equally infectious to those derived from cells that express CypA. Conversely, CypA-deficient Jurkat cells are less sensitive to HIV-1 infection than CypA-expressing cells, irrespective of whether the incoming virion carries CypA or of the route of entry (Fig. 1) . Moreover, viruses that contain CA mutations which confer CsA resistance in some cells or CsA dependence in others manifest these phenotypes during the early stages of the virus replication cycle (Fig. 2 and 3 ) (see also references 24 and 40), not during virus assembly or production (Fig. 4) . Thus, while it is possible for CsA to reduce the infectivity of virions if applied during virus production, the predominant effects of CsA and cyclophilin-CA interactions on HIV-1 replication occur during the postentry steps of the HIV-1 life cycle. Notably, the effects of CsA and CA mutations proximal to the CypA binding site mutations were completely absent when CypA-null Jurkat cells were used as targets (Fig. 3) .
How could combinations of CA mutations and the choice of different target cells cause CsA to have very different effects on HIV-1 replication? Clearly this variation is not a tissue-specific phenomenon, because the CsA-dependent infection phenotype for A92E and G94D mutants was observed in cells of epithelial (HeLa) and T-cell (H9) origin, while the CsA-resistant phenotype was observed in both fibroblast (HOS) and T-cell (Jurkat) lines. Curiously, the CsA-dependent phenotype for CA mutant HIV-1 infection in H9 and HeLa cells coincided with CsA resistance for wild-type HIV-1 infection (Fig. 2  and 3 ). One possible explanation for these findings is that different effects of CsA might be governed by different levels of CypA expression. Indeed, differential effects of CsA and CypA binding site mutations on spreading HIV-1 infection in different cell lines have previously been correlated with CypA expression levels (2, 45) . Although the two cell lines (HeLa and H9) that exhibited the CsA-dependent infection phenotype for A92E and G94D mutant HIV-1 both had relatively high levels of CypA expression, they were only modestly different (about twofold) from the CypA expression levels in other the cell lines used in this study, and the significance of this finding is unclear.
A possibility that might help to explain the occurrence of CsA-dependent HIV-1 infection in human cells is suggested by studies in nonhuman primate cells. In owl monkey cells, infection by wild-type HIV-1 is inhibited by a restriction factor, TRIM-Cyp, that is a fusion protein containing the aminoterminal portion of TRIM5 fused to CypA as a result of a CypA pseudogene retrotransposition event (36) . We wondered whether G94D and A92E mutant HIV-1 had acquired the ability to be restricted by an inhibitor that is specific to HeLa and H9 cells. TRIM5␣, an inhibitor that targets incoming HIV-1 capsids, has been identified from rhesus monkey cells, and the human version of this protein exists in at least two variant forms and is capable of inhibiting infection by other retroviruses (20, 22, 30, 44) . However, variation in human TRIM5␣ sequence did not correlate with the CsA-dependent versus CsA-resistant phenotype. Moreover, human or rhesus monkey TRIM5␣ variants did not discriminate between wildtype and G94D HIV-1, and silencing of TRIM5␣ expression in HeLa cells increased sensitivity to N-MLV infection but not G94D mutant HIV-1 infection (Fig. 5) . Thus, it seems unlikely that TRIM5␣ plays a role in inhibiting infection by CsA-dependent viruses. We are currently investigating the possibility that some as-yet-unidentified restriction factor, perhaps a different TRIM protein (of which there are many [32] ), CypA itself, or a CypA-related protein, might be responsible for preventing infection of CsA-dependent viruses in certain human cells.
